To determine the role of biomarkers in the clinical management of respiratory complications (RC) in hematopoietic stem cell transplantation (HSCT) recipients, we have prospectively evaluated a cohort of 175 patients followed-up for 1 year after HSCT. To avoid misinterpretation, we have excluded both unidentified respiratory infections (RI) and mixed RI. A total of 64 RC were included. Plasma levels of C-reactive protein (CRP), procalcitonin (PCT) and proadrenomedullin (proADM) were measured at diagnosis and on day 3 and 7. Different cytokines were evaluated in serum on the first day. No HSCT recipients without RC were included as a control group. Compared with RI, non-infectious RC showed a significant increase in CRP, proADM and interleukin 6 on day 0 (P = 0.005; P = 0.03 and P = 0.04, respectively). When only RI were considered, we observed that bacterial-fungal PI showed higher levels of CRP (P = 0.02), PCT (P = 0.04) and proADM (P o0.01). Persistent low levels of proADM biomarkers suggest viral infection (specificity and positive predictive value 100%). Patients dying of RC had PCT and proADM levels higher than survivors (P = 0.002 and P = 0.03, respectively). In HSCT recipients biomarkers increase in both infectious and non-infectious RC. They may have utility in the assessment of the severity of RC and in suspecting a viral etiology.
INTRODUCTION
Respiratory complications (RC) are common and often a major cause of mortality in hematopoietic stem cell transplantation (HSCT) recipients. [1] [2] [3] [4] In a recent series published by our group, almost 30% of patients undergoing an HSCT suffered at least one significant RC in the first year after transplantation, with an associated mortality of 23%. 5 In these patients, obtaining an early diagnosis is essential for prescribing a specific treatment that may improve prognosis. 6 However, this is a difficult task as the range of potential complications, both infectious and non-infectious, is considerable and the clinical and radiologic presentation is often similar. These RC are thus often treated with different empirical drugs and often unnecessary, potentially toxic and expensive therapies, which can lead to antimicrobial resistance. The availability of new biomarkers with high sensitivity and specificity for infections may facilitate the clinical management of RC in HSCT recipients. C-reactive protein (CRP) is an acute phase protein produced by the liver, which has been widely used as a biochemical inflammatory marker. 7, 8 More recently, researchers have been focussing on procalcitonin (PCT) and proadrenomedullin (proADM), two peptides derived from the calcitonin gene family, with distinct functions and properties. [9] [10] [11] Although these biomarkers have proved useful for the management of systemic infections in immunocompetent patients, their value in HSCT recipients is still the subject of debate. 12, 13 Thus, it has been shown that patients with GvHD may exhibit PCT positivity. Furthermore, different inflammatory non-infectious RC related to transplantation may cause an increase in different cytokines and inflammatory mediators, potentially diminishing the usefulness of biomarkers in clinical practice.
14 Most series published in immunocompromised patients are retrospective and include a heterogeneous population of oncologic patients. Moreover, the episodes evaluated do not always have a specific etiology or do not have a pulmonary origin. 15, 16 Finally, most series do not include a control group of HSCT recipients without RC. Although we neither have a control group, in this study we have tried to circumvent other aforementioned shortcomings. Thus, our cohort of HSCT recipients has been prospectively evaluated for one year. 5 Also, only respiratory infections (RI) with an identified microorganism have been included. Finally, to avoid confounding information, mixed RI, a common occurrence in HSCT recipients, have been excluded. 5 The aim of this study was to determine the role of different relevant biomarkers in identifying the type and severity of RC in HSCT recipients.
MATERIALS AND METHODS

Patients and transplantation procedure
The information provided in this manuscript comes from a prospective interventional study to evaluate RC in a cohort of consecutive HSCT recipients followed-up for 1 year. Details of this protocol have been published elsewhere 5 and are provided in the Supplementary Information.
Data collection
Data collected included demographic and clinical information, underlying hematologic or non-hematologic disease status, and transplantation characteristics.
5
Patients with respiratory symptoms, fever and/or radiologic signs (new infiltrates on the chest X-ray or chest-computed tomography) suggestive of RC were submitted to a series of non-invasive procedures (sputum cultures, nasopharyngeal swab, urinary Ag tests and blood samples for basic biochemistry, serology and cytokine determinations). The indications to perform computed tomography and/or fiberoptic bronchoscopy have been described elsewere 5 (Supplementary information).
Sample processing
Specific primers for influenza viruses types A, B and C, respiratory syncytial viruses types A and B, and adenovirus in one real time-PCR; and specific primers for parainfluenza viruses 1, 2, 3 and 4, coronaviruses 229E, and for generic detection of rhinoviruses and enteroviruses in another real time-PCR were carried out in BAL and nasopharyngeal swab when they were clinically indicated. The methodology for obtaining culture samples, diagnostic tests for Legionella pneumophila and Streptococcus pneumoniae Ag and detection of CMV and aspergillus galactomannan Ag has been described elsewhere. 5 
Definitions
As explained in our previous study, 5 all episodes of RC were carefully recorded and were further divided into infectious, non-infectious or undetermined. Among patients who presented more than one complication, each episode was recorded and considered independently.
Respiratory infections were diagnosed when clinical data suggested an infectious etiology, microbiological agents were isolated in any processed sample, and the clinical course and response to treatment were in accordance with an infectious etiology. One or more microbiologically documented bacteria in association with one or more viruses were considered a mixed infection. Pneumonia was diagnosed in cases with fever (⩾38 ºC), cough, dyspnea and/or purulent expectoration and new or progressive pulmonary infiltrate not explained by any other non-infectious cause. 17 As noted above, microbiological agent isolation from respiratory samples was required for inclusion in the study.
Criteria for diagnosis of non-infectious RC are described in the Supplementary Information and published elsewhere. 5 Neutropenia was defined as an ANC of o0.5 × 10 9 cells/L. In accordance with Koya et al., 18 we further classified RI in two groups: bacterial-fungal infections and intracellular infection that included virus and tuberculosis.
Biomarker measurements
Blood samples were centrifuged, aliquoted and frozen at − 80°C for subsequent analyses. Levels of CRP, proADM and PCT were measured using plasma samples within the first 24-48 h after identification of the RC (day 0) and on days 3 and 7 thereafter. Concentrations of PCT and proADM were determined using sandwich immunoassays and time-resolved amplified cryptate emission (TRACE) technology (PCT sensitive KRYPTOR and proADM KRYPTOR; BRAHMS; Hennigsdorf, Germany). C-reactive protein was measured using a commercially available immunoturbidimetric method (Siemens Medical Solutions Diagnostics, Tarrytown, NY, USA).
The minimum detection level was 0.02 ng/mL for PCT; 0.23 nmol/L for proADM and 0.1 mg/dL for CRP. The cutoff value was 0.50 ng/mL for PCT; 0.55 nmol/L for proADM and 1 mg/dL for CRP.
Cytokine measurements
Determination of TNF-α, interleukin (IL)-1β, IL-6, IL-8 and IL-10 ultrasensitive (US) was performed in serum samples on the first day. Cytokine levels were measured by enzyme linked immunoassay (Diasource Inmunoassays, Louvain-la-Neuve, Belgium) and IL-10 US with an ultrasensitive assay (Invitrogen Coorporation, Camarillo, CA, USA). Detection limits were 0.7 pg/mL for TNF-α; 0.2 pg/mL for IL-10 US and 2 pg/mL for IL-1β, IL-6 and IL-8. The values taken as the upper limits were 10 pg/mL for TNF-α; 5 pg/mL for IL-6; 8.2 pg/mL for IL-10 US and 15 pg/mL for IL-1β and IL-8.
Statistical analysis
Continuous variables were summarized as mean ± s.d. or median (interquartile range) and compared using the t-test or the non-parametric Mann-Whitney test, respectively. Categorical variables were expressed as n (%) and compared using the χ 2 -test or the Fisher exact test when appropriate. In order to establish the predictive value of biomarkers for the different RC, the area under the curve in the receiver operating characteristic analysis was calculated.
Univariate analyses that included clinical variables associated with an increased risk of mortality identified in our previous study 5 and concentrations of the different biomarkers and cytokines studied on day 0 were performed. Variables that showed a significant result in the univariate analysis (Po0.1) were included in the initial Cox proportional hazards model. 19 A manual backward stepwise selection was used to determine factors associated with 1-year mortality. The hazard ratio and 95% confidence interval (CI) were calculated. Proportional hazards assumptions were tested using log-minus-log plots. To investigate the lack of fit of our final model we evaluated the deviance residuals. The level of significance was set at 0.05 (2-tailed). All statistical analyses were done using IBM SPSS Statistics version 20.0 (Armonk, New York, USA).
RESULTS
During the study period, a total of 102 episodes of RC were identified. Of these, 64 episodes corresponding to 51 patients were finally included in the study (22 episodes were not included due to undetermined or mixed etiology and 16 were not evaluated due to lack of samples; Figure 1 ). Patient characteristics are reported in Table 1 .
Forty-five episodes of RC were of infectious origin (70%) and 19 episodes were due to non-infectious RC (30%). Most of RC occurred during the first 6 months after HSCT (87% of RI and 84% of non-infectious RC).
Viruses were the most common microorganisms causing RI (58%) ( Table 2 ). In particular, Rhinovirus was the most commonly involved virus (35% of viral RI). Most of viral infections (73%) occurred in autumn and winter. Bacteria were the second most common agents causing RI (27%), and Pseudomonas aeruginosa was the microorganism most commonly involved (50% of the documented bacterial RI). Five of the cases with microbiologically documented bacterial infections had positive blood cultures. Finally, fungi represented 15% of RI.
Engraftment syndrome (26%), pulmonary edema (21%) and underlying disease progression (21%) were the most common non-infectious etiologies ( Table 2) . Twenty of the identified episodes of RC occurred in patients with neutropenia (31%), 12 in patients with acute GvHD (19%) and 10 in patients with chronic GvHD (16%). Thirty-eight (59%) and 52 (81%) samples were obtained in patients who were on immunosuppressive medication and antibiotics, respectively.
Biomarkers and cytokines in infectious and non-infectious respiratory complications Table 3 shows biomarker and cytokine levels at different times in the population evaluated. There were no significant differences in leukocytes or neutrophil counts between infectious and non-infectious RC. A significant increase was observed in levels of CRP and proADM on day 0 in the non-infectious group (P = 0.005 and P = 0.03; respectively). By contrast, between-group cytokine levels were similar, except IL-6 on day 0, which was significantly higher in non-infectious complications (P = 0.04).
A good correlation was observed between levels of PCT, CRP (P o 0.001) and proADM (P o0.01).
Biomarker/cytokine levels did not differ between patients with and without neutropenia for both groups of complications.
Biomarkers and cytokines in respiratory infections Levels of CRP, PCT and proADM on day 0 were higher in bacterial-fungal infections compared with viral infections (CRP, 10.46 ± 8.49 mg/dL vs 6.52 ± 8.15 mg/dL (P = 0.02); PCT, 11.39 ± 22 ng/mL vs 0.47 ± 0.49 ng/mL (P = 0.04); proADM, 3.62 ± 3.30 nmol/L vs 1.65 ± 1.03 nmol/L (P o0.01)). As shown in Figure 2 , levels of CRP, PCT and proADM tended to decrease over time (days 0, 3 and 7) in bacterial-fungal RI, whereas they were persistently low in viral infections. To analyze the discriminatory power of biomarkers for the detection of bacterial-fungal RI, a receiver operating characteristic curve analysis was calculated for each biomarker (Figure 3) . ProADM had the highest area under 
Abbreviations: ADV = adenovirus; PV = parainfluenzae virus; RSV = respiratory syncytial virus.
the curve (0.75, 95% CI 0.60-0.91; Po0.01). A value ⩾ 2.125 nmol/L of proADM on day 0 was associated with bacterial-fungal RI with a sensitivity of 61%, a specificity of 83%, a positive predictive value (PPV) of 79%, and an negative predictive value (NPV) of 68%. We also tested whether persistently low biomarkers values could rule out bacterial-fungal RI. For various cutoff levels of the maximum value obtained on days 0, 3 and 7, we calculated, for each biomarker, sensitivity, specificity, PPV and NPV for precluding systemic bacterial-fungal infection. The results show that persistently lower levels (for the first 7 days) of CRP and proADM can be very specific in ruling out bacterial-fungal infections. In particular, levels of CRP below 4.07 mg/dL had a sensitivity of 46%, a specificity of 94% and a PPV of 92% and levels of proADM below 0.91 had a sensitivity of 28%, a specificity and a PPV of 100% (Table 4) . A combination of PCT (⩾1.695 ng/mL) and proADM (⩾2.245 nmol/L) confirmed a bacterial-fungal infection with a sensitivity of 28%, a specificity of 100%, a PPV of 100%, and an NPV of 58%. Baseline levels of cytokines evaluated did not differ among the different RI.
Biomarkers and cytokines and clinical characteristics
Clinical variables such as type of transplantation (allogeneic vs autologous), intensity of conditioning, and GvHD did not influence biomarker/cytokine levels for either non-infectious or infectious PC (Tables 1, 2 
and 3 of Supplementary Information).
Outcome Overall 1-year mortality was 33% (17 out of 51 patients). Sixty-five per cent of all cause mortality was due to RC (11 out of 17 cases). Procalcitonin and proADM levels on day 0 were significantly higher in patients who died compared with survivors ( Figure 4 ). In addition, CRP values showed a significant decrease over time (days 0, 3 and 7) in survivors compared with deceased patients (P = 0.001).
Univariate analysis showed that Max-PCT (+1 mg/mL, P = 0.012), Max-proADM (+1 mg/mL, P = 0.002), Max-CRP (+1 mg/dL, P = 0.010), GvHD (P = 0.019) and infection of bacterial-fungal etiology (P = 0.021) were risk factors associated with 1-year mortality. Of these variables, infection of bacterial-fungal etiology (hazard ratio 6.24, 95% CI 1.32-29.47; P = 0.021) was the only variable associated with 1-year mortality in the multivariate analysis.
DISCUSSION
The results of this prospective study show that although biomarkers cannot differentiate between infectious and noninfectious complications in HSCT recipients, they still can be useful from a clinical standpoint. Levels of CRP, PCT and proADM on day 0 reflect the severity of the RC and have prognostic relevance. Moreover, persistent low levels of these biomarkers suggest a viral infection and may help to tailor the therapeutic regime.
In immunocompetent patients, biomarkers such as PCT and proADM are helpful in the diagnosis and management of severe bacterial infections. 20, 21 Also, in febrile neutropenic patients, high serum PCT and proADM levels have been associated with the diagnosis and the severity of bacterial-fungal infection. 22, 23 It has been speculated that in HSCT recipients, biomarkers might be of particularly utility due to the range of potential complications, both infectious and non-infectious, that these patients may suffer. Previous studies evaluating different biomarkers in this setting have been controversial.
15,24-27 Pihusch et al. 24 evidenced that CRP, PCT and IL-6 levels increase in both infectious and non-infectious complications. Furthermore, these authors showed that plasma levels of PCT were useful for differentiating between infection and other transplant-related complications, although, no details were given on the etiology and localization of the infection, making it difficult to draw comparisons with our own series. By contrast, a meta-analysis that included six different studies and a total of 1344 episodes of suspected systemic infection in the immediate post-transplant period demonstrated that CRP and PCT were neither sensitive nor specific enough for discriminating systemic infection from other inflammatory complications. 26 However, variations in clinical criteria used to define severe systemic infection across studies and the different etiology of fever among the groups compared were an evident source of heterogeneity. 28 The present study confirms the poor discriminative value of these biomarkers for diagnosing RI in this cohort of patients. In fact, the highest values of some of these biomarkers were found in patients with non-infectious RC. These findings are relevant as one of the strengths of the present study is that, contrary to other series, the episodes have been collected prospectively during a 1 year follow-up from a specific cohort of HSCT recipients. Furthermore, we have included only patients with RC and a specific etiology.
In this sense, a valid concern with the published trials involving both immunocompetent and immunosuppressed patients is the paucity of data that associate the microbiologic etiology of respiratory tract infections with biomarker levels. Abbreviations: CRP = C-reactive protein; IL = interleukin; PCT = procalcitonin; ProADM = proadrenomedullin; TNF = tumor necrosis factor; US = ultrasensitive.
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In this series, patients with non-infectious complications had significantly higher levels of CRP, proADM and IL-6 than patients with RI. A potential reason for this is that pathways that cause the secretion of biomarkers after infection can also be activated by other inflammatory conditions. Hematopoietic SCT recipients with GvHD can exhibit PCT positivity due to gastrointestinal damage causing translocation of lipopolysaccharide and secondary production of inflammatory cytokines.
15,26 Moreover, engraftment syndrome, an inflammatory condition occurring during granulocyte recovery in HSCT and characterized by fever without an identifiable infectious source and manifestations of vascular leak, is associated with elevated concentrations of several cytokines and CRP. [30] [31] [32] [33] In our series, 26% of the non-infectious RC was due to the engraftment syndrome, a situation that could partially explain the high levels of biomarkers found in these patients.
15
When considering only RI, our results confirm previous findings that biomarkers were significantly increased in bacterial-fungal RI compared with viral etiology. 16 A possible application of biomarkers in clinical practice is their potential high NPV when measured repetitively to rule out specific infections. In this regard, our results confirm those obtained by Koya et al. 18 in a small series of 28 patients, demonstrating that persistent low values of biomarkers, particularly CRP and proADM, almost certainly rule out a bacterial-fungal infection as the etiologic agent of the RI in these patients, information that may encourage the physician in charge to withhold specific antibiotic prescriptions with potential serious adverse effects. 34 Other authors have found that levels of PCT allow for discrimination between episodes of fever caused by bacteria, fungi and parasites from fever of viral etiologies. 35 Reasons for the absence of elevation of these biomarkers in viral infections are not well understood, but it has been shown that, by secreting interferongamma, viruses induce an inhibitory effect on PCT gene transcription. 36 Thus, the combination of aggressive attempts at pathogen detection together with determination of biomarker levels would enhance antibiotic stewardship, particularly considering the high prevalence of viral pulmonary infections in HSCT recipients. 29 Another potential utility of biomarkers in clinical management is the assessment of the severity of the complication. 18, 25, 37, 38 In the present study, levels of PCT and proADM were significantly higher in patients who died during RC compared with survivors. Other authors have also found an association between levels of PCT and mortality in critically ill patients. 38, 39 Koya et al. 18 also identified this association in a small series of HSCT recipients. This information can be very useful when making decisions about intensive care unit admission and monitoring of the patients.
Different limitations must be considered for the proper evaluation of this study. First, the lack of a control group of HSCT recipients without RC is a flaw. Certainly, HSCT recipients undergo different stages (aplastic phase, recovery phase), and suffer some conditions (acute and/or chronic graft) or complications (presence of mucositis) that may potentially influence biomarker levels. Nevertheless, the demonstration of significant differences between the different types of complications confirm that the use of biomarkers can be useful, as a complementary tool in the management of RC in HSCT recipients. Second, we decided to apply rigorous exclusion criteria and include only those cases with microbiologically documented RI. The authors are aware of the relatively small number of patients included, which was mainly due to the numerous dropouts of the primary cohort owing to the lack of identification of the causal microorganism or, conversely, owing to the identification of a mixed infection (caused by several microorganisms). Most of the studies published on this topic include patients with both clinical and microbiological diagnosis of infection. This fact represents a potential bias, since RI may be produced by different microorganisms or by a combination of them, thus making it impossible to correlate a specific microorganism with biomarker levels. 18 Third, in our study we divided, as other authors did, extracellular from intracellular infections. We are aware of the conflicting results obtained by different authors regarding the biomarkers behavior in fungal diseases. Although controversial, it is possible that biomarker levels may differ between fungal and bacterial pulmonary infections and further studies are needed on this issue. Finally, most of the patients included in this study were receiving antibiotic and/or immunosuppressive therapy when biomarker values were measured, and we cannot therefore assess the potential influence of these variables on biomarker concentrations.
In summary, in HSCT recipients, CRP, PCT and proADM cannot differentiate between infectious and non-infectious RC. However, these biomarkers can estimate the severity of infection. Persistently low values of these biomarkers militate against a bacterial-fungal infection, and an alternative diagnosis such as Abbreviations: CRP = C-reactive protein; PCT = procalcitonin; ProADM = proadrenomedullin; PPV=positive predictive value; NPV=negative predictive value.
viral infections should be considered in the appropriate clinical setting. 
